Abstract Static stress drop distribution and its average value over the rupture area contain important information on the mechanics of large earthquakes. Here we derive static stress drop distributions from 40 published rupture models for the 2011 M w 9 Tohoku-oki earthquake that are based on various multidisciplinary observations. Average stress drop value over the fault area encompassed by the 5 m coseismic slip contour is not unusually large for each rupture model; the mean for the 40 models is 2.3 ± 1.3 MPa, assuming a uniform rigidity 40 GPa. The value for the entire rupture zone and with a more realistic rigidity structure will be even lower. In the majority of the models, local stress drop in parts of the rupture zone well exceeds 20 MPa. The heterogeneous stress change distribution, with large stress drop being accompanied by large stress increase, leads to the small average for the earthquake.
Introduction
Static stress drop Δσ is the net decrease in shear stress along the fault as a result of fault slip ( Figure 1a) . In contrast to dynamic stress drop which controls radiation of seismic energy, Δσ reflects tectonic unloading. Because crustal and mantle regions away from the rupture zone "feel" mainly the integrated effect of Δσ, its average value Δσ is of particular interest in the study of postseismic stress relaxation and the effect of earthquake rupture on regional stresses and geodynamics. For large earthquakes of complex rupture, estimating Δσ, especially Δσ , from recorded seismic waves [e.g., Brune, 1970] is very challenging [Boatwright, 1984; Atkinson and Beresnev, 1997] . Estimates can be made directly from fault slip and rupture area if observations adequately constrain these parameters.
Thanks to global, regional, and local observatory networks, the 2011 M w 9 Tohoku-oki earthquake is by far the best recorded great earthquake [Tajima et al., 2013] . The multidisciplinary data of unprecedented quantity and quality have enabled the development of many rupture models for this event. In this study, we derive Δσ and Δσ from 40 of these models for which we were able to obtain digital values of slip vectors at the time of writing this paper. The results represent the most comprehensive study of static stress drop for a single earthquake to date. Because the published rupture models are all based on kinematic inversion, each model individually may not provide an accurate stress drop distribution. However, we maintain that they collectively yield a reliable Δσ estimate. Their ensemble behavior also gives an excellent example for how heterogeneous Δσ distribution affects the estimate of Δσ [Madariaga, 1979] .
Method
If an earthquake is approximated using a slip zone of simple shape on a planar fault, Δσ is given by the following scaling relation [Scholz, 2002] Δσ ¼ CG U L
where constant C depends on the shape of the slip zone and the type of faulting, G is shear modulus, U is average slip, and L is a characteristic length of the slip zone. A two-dimensional example of a buried thrust rupture of uniform stress drop is shown in Figure 1b . In real large earthquakes, the fault is rarely planar, the slip zone has a complex shape, and stress decrease in parts of the fault is always accompanied by stress increase in other parts. Thus, for a large megathrust earthquake, direct use of (1) would lead to large errors.
To derive Δσ and Δσ for the Tohoku-oki earthquake, we numerically integrate the point source dislocation solution of Okada [1992] in an elastic half-space. for which depth contours are shown in Figure 2a , is based on seismic observations as described in Sun et al. [2014a] . A minor depth correction beneath the continental slope is made using the method of Wang et al.
[2003], so that the depth of the fault used in this flat-top half-space model is that measured from the seafloor, not from the sea level. The fault is divided into a mesh of triangular integration elements of dimensioñ 500 m ( Figure S1 in the supporting information). Given slip distribution, and assuming a Poisson's ratio of 0.25 and rigidity of 40 GPa (average for top 25 km of Preliminary Reference Earth Model [Dziewonski and Anderson, 1981] ), Δσ at any point of the fault is determined by integrating the dislocation solution over the entire fault mesh. The value of Δσ scales linearly with rigidity. In the actual calculation, the shear stress is evaluated 2 km below the fault surface to alleviate numerical instability. This distance is less than the [2006] . τ o is the pre-earthquake stress, and τ p is the peak stress (actual fault strength). Static stress drop Δσ is the difference between τ o and the final stress. Dynamic stress evolution during slip is complex. (b) A 2-D crack model for a buried thrust rupture in an elastic half-space featuring uniform stress drop (top) over the slip zone (bottom) (from Hu and Wang [2008] ). The dip of the planar fault is 15°, and the updip edge of the rupture (zero disctance) is at 6.4 km depth. Abrupt termination of slip at rupture edges is associated with a Δσ singularity (extreme stress increase). 
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wavelengths of slip variations in the models by over an order of magnitude, and therefore, the obtained shear stress accurately approximates the fault stress. Using smaller integration elements allows shear stress to be evaluated at a smaller distance from the fault but makes little difference in the results.
The 40 published rupture models are listed in Tables S1 and S2. Some models are based on the inversion of one type of data, such as geodetic [e.g., Iinuma et al., 2012] , seismological [e.g., Ide et al., 2011] , or tsunami data [e.g., Satake et al., 2013] . Some models are based on simultaneous inversion of several types of data [e.g., Wei et al., 2012; Hooper et al., 2013; Minson et al., 2014] . Because of large differences in the data used, schemes of discretization, simplifications of fault geometry, and constraints on slip rake and smoothness of the slip distribution, these models are different from one another. However, the majority of them place the largest slip on the shallow (<15 km below sea level) part of the megathrust. Values of peak slip range from 30 m [Ide et al., 2011] to >80 m [Iinuma et al., 2012] .
To map a published rupture model onto our fault mesh, we first interpolate the model to produce a continuous and smooth distribution of slip vectors. For finite fault models of time-dependent slip evolution, we only need the final, net slip. Most published models, especially those based on seismic and tsunami data, consist of large (20-50 km) rectangular subfaults each having uniform slip. Interpolation using the center coordinates of the subfaults removes subfault edge discontinuities and makes stress drop calculation possible. Most of the models based on seismic data assume a fault consisting of one or more planar segments. When their slip vectors are mapped to our realistic fault, the dip angles of the vectors are automatically adjusted to fit the new fault geometry. Many of the models used a straight line to approximate the curved trench. Where the straight line falls seaward of the actual trench, we cut out the "extra" fault area and ignore the slip values in those areas. Where the straight line falls landward of the actual trench, we extrapolate the slip field to the actual trench. For models that used land and seafloor GPS displacements in the version, we have verified that the slip distribution resultant from our mapping operation fits these data almost as well as the original models.
As an example, Figure 2 shows the rupture model from Hooper et al. [2013] on our fault mesh and the Δσ vectors for one part of the fault. Comparison of Figure 2c with Figure 2b is illuminating: The seemingly smooth slip vector field is associated with a rather heterogeneous stress drop field. This is true for almost all the models, and we think it is a fundamental feature of large earthquakes. Fast decrease in slip magnitude in the dip direction is associated with stress increase (negative stress drop), for which extreme examples are seen at the edges of the slip zone in Figure 1b .
For deriving Δσ, we design a scalar representation of the Δσ vector field. Because fault slip in the Tohoku-oki earthquake is predominantly updip, consistent with relative plate motion, net stress drop in the strike Figure 2c is shown in Figure 3a for the entire rupture zone. The scalar Δσ field can be readily integrated over any portion of the rupture zone to yield a Δσ value for that portion.
Results and Discussion
The dip component of the Δσ fields for four representative rupture models is shown in Figure 3 , in comparison with the 5, 20, and 30 m coseismic fault slip contours. They all feature large stress drop in the peak slip area within the 30 m slip contour, but even within this zone areas of stress increase are visible. Outside the 30 m zone, larger stress increase is associated with the tapering and arrest of the rupture. Similar scalar Δσ plots for all remaining 36 rupture models are shown in Figure S2 .
The average stress drop over the fault area within the x m slip contour is denoted Δσ x . Histograms for Δσ 5 of all the 40 rupture models are shown in Figure 4a . Their mean ± standard deviation (SD) is 2.3 ± 1.3 MPa. Similar results are obtained if we use only the 21 models that included seafloor GPS data in their inversion ( Figure S3 ). The small SD reflects the insensitivity of the mean to inversion details. The actual Δσ for the entire rupture zone can only be smaller, because the additional area (slip < 5 m) undergoes more stress increase than decrease (Figure 3 ) and because the rigidity of the upper plate overlying the main rupture area is expected to be less than the value of 40 GPa used in our calculation [e.g., Geist and Bilek, 2001] . Results for slip contours lower than 5 m are not used to derive histograms, because for some models these contour lines are extremely irregular and difficult to handle. The Δσ is consistent with previous findings that megathrust earthquakes have small stress drops of 0.1-3 MPa [Kanamori and Anderson, 1975; Allmann and Shearer, 2009 ].
As we decrease the averaging area toward the peak slip zone, Δσ increases, and the difference between rupture models becomes larger (Figure 4) . One model features a Δσ 30 (Figure 4c ) not much different from its Δσ 5 (Figure 4a and S4) , likely due to oversmoothing during the kinematic inversion. As shown in Figure 1b , for certain smooth slip distribution, Δσ can be uniform within the rupture zone, such that Δσ is independent of the area used. Another model features a Δσ 30 as high as 31 MPa ( Figure S4) ; this model features strange along-strike oscillations of high and low slips at~50 km wavelengths. The 30 m slip zones in 38 models are nonnegligible in size, and their Δσ 30 is 10.8 ± 4.4 MPa. The exact peak Δσ within the 30 m zone in individual models (Tables S1 and S2) is not reliable because it is likely sensitive to the smoothness constraints used in the kinematic inversion. However, it is worth mentioning that an independent study (not one of our 40 models) focusing on a very small area of the fault yielded a local stress drop as high as 40 MPa [Kumagai et al., 2012] .
The most important implication of the results in Figure 4 is probably the role of heterogeneity in keeping Δσ of the rupture zone low. A greater contrast in frictional behavior between neighboring fault areas gives rise to a greater contrast in stress change. A heterogeneous fault has interspersed patches of contrasting frictional behavior. The rupture of a stronger patch tends to incur larger stress drop, but it is usually accompanied with greater stress increase in neighboring patches, so that Δσ stays low. The high values of Δσ 30 in most rupture Figure S4 ) are off the plots.
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10.1002/2015GL066361 models and the study of Kumagai et al. [2012] indicate the presence of very high local stress drop, yet Δσ for this event is not unusually large, as represented by the Δσ 5 values (Figure 4a ). For a less heterogeneous fault, peak stress drop will not be as large, and thus, the accompanying stress increase will also be subdued, such that Δσ would not be very different from that of a more heterogeneous fault.
Other reported Δσ values for the Tohoku-oki earthquake are higher and in the range 5-7 MPa [Lee et al., 2011; Yagi and Fukahata, 2011; Koketsu et al., 2011; Seno, 2014] , less than the Δσ 5 derived in this work. The larger values are probably due to the use of simpler calculation methods that yield an Δσ over a smaller fault area. For comparison with other earthquakes, choosing the averaging area for Δσ is an important yet difficult issue. A common slip contour such as 5 m is not feasible, because slip in smaller events may not reach this level. One may consider using a common measure such as 10% of the peak slip of the rupture, but its physical meaning needs to be explored.
The Japan Trench megathrust is among the weakest subduction faults [Gao and Wang, 2014] represented by an apparent coefficient of friction of~0.03. With this friction coefficient, the shear stress at 10 km depth is of the order of 7 MPa. Therefore, Δσ is still a relatively small fraction of the fault strength. As discussed in Wang and Bilek [2014] , the megathrust here is relatively smooth, but its mechanical properties are more heterogeneous than in other subduction zones that have produced M w ≥ 9 earthquakes because of the horst-andgraben structure of the subducting plate and a low supply of trench sediment. Wang and Bilek [2014] also pointed out that slightly lower pore fluid pressure in local areas of the fault can give rise to much higher fault strength in these areas that may be responsible for locally high stress drop in an earthquake.
Conclusions
1. The average static stress drop Δσ of the Tohoku-oki earthquake is not unusually high. Forty published rupture models for this event give a value of Δσ 5 = 2.3 ± 1.3 MPa for the area encompassed by the 5 m coseismic slip contour. The Δσ value for the entire rupture zone is even lower. 2. Peak static stress drop in this event is locally high. For the area encompassed by the 30 m slip contour, 38 relevant models yield Δσ 30 = 10.8 ± 4.4 MPa. The peak value within this zone is much higher and may be as high as 40 MPa. 3. The locally high but on average low stress drop reflects a heterogeneous distribution. Large stress decrease in one area of the fault is accompanied by relatively large stress increase in neighboring areas, such that the rupture zone average remains low. The stress drop heterogeneity yields important information for understanding the complexity of megathrust earthquake process.
